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SUMMARY 
This research was conducted principally to determine 
the effect of applied stress, residual stresses and induced 
current on graphitic corrosion and to investigate the relation 
of these variables to highly localized graphitic corrosion 
attack of centrifugally cast, cast iron. 
Cast iron specimens with and without residual stresses 
and with and without an applied potential were exposed and 
tested under static stress, in a 3.5 percent sodium chloride 
solution of pH 3. The initial corrosion tests were followed 
by polarization measurements and studies under accurate 
stress conditions. 
The results showed that residual stresses have a 
small effect on the graphitic corrosion rate. The static 
stresses coupled with residual stresses and combined with 
low potential differences highly accelerated the corrosion 
rate and resulted in highly localized graphitic corrosion 
attacks. A significant determination of the study was a 
critical stress value, approximately 70 percent of the 
tensile strength, above which the graphitic corrosion rate 




The main purpose of this research was to investigate 
the metallurgical and corrosion factors which lead to 
graphitization rates one or two orders of magnitude greater 
than normal graphitization corrosion rates for centrifugally 
cast, cast iron pipe. The localized "finger-like or fissure" 
graphitization corrosion attack has been the cause of a 
number of gas line explosions. Because of the time depen-
dency of the highly localized nature of this type of attack, 
a steadily increasing number of these failures are occurring 
and apparently will continue to occur. 
It is well known that cast iron exposed to various 
types of environments, including certain soils, suffers 
from corrosion damage called graphitization. However, only 
little scientific analysis and examination of the problem 
has been made and literature dealing with fundamental aspects 
of the problem [2,3,4,5,6,7], is limited. In general, in 
this type of corrosion the ferrite of the cast iron is 
removed from the attacked area leaving behind a black porous 
layer consisting of graphite and carbides. The mechanism of 
this reaction involves the formation of galvanic cells, in 
which the ferrite acts as an anode and dissolves in the 
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solution and the more noble graphite acts as the cathode. 
The graphitized layer may decrease or prevent the corrosion 
of the remaining cast iron metal when the graphitic layer 
has reached a diffusion limiting thickness [5] if its pores 
are filled with residual solid corrosion products. However, 
if the layer remains porous acceleration of the corrosion 
attack may occur due to the presence of a large graphite 
surface to act as a cathode. The occurence of localized 
or fissure corrosion indicates that possibly the graphite-
rich layer has been locally disturbed, allowing the corrosive 
solution to penetrate and reach the inner metallic surface. 
With the enlargement of the exposed graphite area with 
comparison to the metal resulted in accelerated attack of 
the base metal. This may be a result of static and/or 
residual stresses in centrifugal cast, cast iron. 
The present study was initiated to determine the 
effect of static loads, residual stresses and localized 
currents on graphitization. 
One set of specimens of centrifugally cast, cast 
iron with and without residual stresses was exposed in a 
3.5 percent sodium chloride solution. Specimens from 
another set were stressed in three-point bending, some of 
these were locally heated to develop residual stresses. 
Accelerated corrosion conditions were provided in some tests 
by potentiostatic anodic polarization. Finally specimens 
at various stress levels, selected as a percentage of the 
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fracture stress, were tested. The corrosive solution for 
the three phases was 3.5 percent NaCl with pH of 3. 
Results showed that static stress can increase the 
corrosion rate up to 50 times. Static applied stress plus 
residual stresses can increase the corrosion rate up to 60 
times and one or both plus an impressed current can easily 
accelerate the corrosion rate 100 times that of the normal 
graphitic corrosion rate. 
Microscopic examination indicated localized corrosion 
attacks and breakdown of the graphitic layer in the area of 
the maximum stress. This permitted the electrolyte to reach 
the inner metallic surface and accelerate and localize 
graphitic corrosion. 
Figure 1. General View of a Typical "Finger-Like" 
Graphitization Attack on Centrifugally 
Cast, Cast Iron Pipe 
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Figure 2. 23X Magnification. Unetched--Photomicrograph of 





Cast irons used in gas distribution systems are iron 
base alloys containing between 2.50 and 4.00 percent total 
carbon, from 0.50 to 3.00 percent silicon, some sulfur, 
phosphorus and manganese. The usual micro structure of gray 
cast irons is a matrix of pearlite with graphite (graphitic 
flakes or modules) dispersed throughout. 
The mechanical properties of cast iron [1] depend to 
a great extent upon the amount, size, shape, and distributio: 
of the graphite and the characteristics of the steel-like 
matrix. Because of the high carbon content, they are 
brittle and have a low ductility. There are four primary 
types: (a) white, (b) gray, (d) malleable and nodular cast 
iron. 
The molting of cast iron [8] can be sand molding in 
which the sand is used in a moist or in a dry state. Loam 
molds are used also in certain cases. Other mold forms are 
permanent or long life molds. Centrifugally cast pipe, 
made in all-metal molds, is one type of permanent mold used. 
Centrifugal casting is a special form of casting [9] in 
which the molds are rotated rapidly around a vertical or 
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horizontal axis. While the metal is poured, the mold is 
forcing the metal to the sides of the mold by centrifugal 
force. The above procedure is an especially effective way 
of making pipe. 
Graphitization or Graphitic Corrosion 
Graphitization was a term used for selective 
corrosion of cast irons but is now restricted strictly to 
the microstructural change [1] which occurs in white and to 
some extent other cast irons, when they are heated to 
moderate temperatures, or the basic decompositions of 
cementite into ferrite and carbon (graphite): 
Fe3C -> 3Fe + C (graphite) 
during normal cooling. 
Graphitic corrosion often called graphitization is a 
type of selective leaching (a form of disintegration) which 
cast iron suffers, when exposed to certain types of 
corrosive environments. Because of the variation (inhomoge-
neity) in composition of cast iron and the electrical contact 
in an electrolyte between graphite and ferrite or ferrite 
and iron carbide, formation of galvanic cells takes place 
[2], which lead to electrochemical action between these two 
constituents. The less noble ferrite (anode) is attacked 
selectively by the more noble graphite (cathode). In 
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graphitic corrosion much of the ferrite of the cast iron is 
dissolved from the affected zones into the solution, leaving 
behind a black porous mass. This porous material is 
residual graphite which also contains some carbides and 
variable amounts of free iron and iron oxide. 
The graphitic corrosion usually occurs at a low rate 
although the black porous mass is very weak. The change in 
the metal thickness is negligible and the corroded surface 
does not appear different from main metal. 
Highly localized (fissure-type) graphitization attack 
has been observed in gray cast iron, more often in centrifu-
gal cast, cast iron pipes, and has been the cause of a number 
of gas explosions. Graphitization rates, 100 times the normal 
graphitization corrosion rate can occur and may be caused 
by stress or special environmental conditions, but these 
factors have not been identified as yet. Obviously hundreds 
of miles of cast iron gas line still exist although it has 
been phased out of use as a line material. Because of the 
time dependency and the highly localized nature of this type 
of attack, a steadily increasing number of these cast iron 
gas line failures are occuring. 
Corrosive Soils 
The soil is a very important determining factor in the 
corrosion of cast iron in underground uses. Soils differ 
radically in their corrosive action on cast iron and soils 
which are potentially aggresive to cast iron are infrequent. 
A corrosive soil [4] must generally have a pH below 4.0 
acidity or above 12 alkalinity or high concentrations of 
soluble salts (low electrical resistivity) or it must be in 
areas where stray currents are present. 
Other factors influencing the corrosive ability of the 
soils [6,7] are, differential aerations which may result 
from local differences in packing of the soil, variations in 
the moisture and oxygen content and permeability of the soil 
to moisture and oxygen. The term permeability contains 
physical characteristics of the soil such as particle size, 
specific gravity, particle distribution and the shrinkage 
which occurs when wet soil dries. It has been found that 
the commonly used cast-iron pipe corrodes at nearly the same 
rate in the same soil environment. Generally the rate of 
corrosion is controlled by the properties and characteristics 
of the soils and varies widely in different soils. However, 
some of the unique localized graphitic corrosion effects 
can not be directly related to soil differences. 
Corrosion Mechanism 
It is generally agreed that the contact between the 
ferrite or ferrite-pearlite and the graphite in the cast 
iron structure leads to electrochemical action between 
these constituents, because of the potential difference 
between matrix and graphite. It is also understood that the 
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presence of an electrolyte is necessary for the reaction to 
occur. 
Under these conditions the corrosion reaction [3] 
involves a current flow between the attacked areas from the 
metal (anode) though the electrolyte to the graphite flakes 
(cathode) and then through the graphite to the metal to 
complete the circuit. The carbon existing as graphite or 
carbides in most soils is more noble than the iron matrix 
therefore acts as cathode in the corrosion current circuit. 
The principal electrochemical reactions which occur 
at the cathodes are: 
(a) the discharge of hydrogen ions and the evolution 
of hydrogen as a gas. For this reaction to occur 
high hydrogen ion concentration and potential 
difference required. 
(b) If the above reasons are not satisfied the 
cathodic reaction can involve some reaction with 
oxygen. This oxygen reaction could be a 
combination of the discharge of hydrogen ions with 
oxygen to give water, hydrogen peroxide or 
cathodic reduction of oxygen to give hydroxyl 
ions . 
The anodic reaction involves the dissolution of the 
ferritic matrix. As the reaction proceeds the oxygen, which 
is dissolved in the solution, is consumed. The ferritic 
matrix dissolves and most of the corrosion products are 
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removed by the solution. However, the flakes of residual 
graphite accumulate on the surface. As the oxygen is 
consumed during the corrosion reaction the amount of oxygen 
remaining in the electrolyte will have a controlling effect 
on the reaction. In most soils there are certain bacteria 
with oxidizing effects which can replace oxygen from the 
cathodic reaction. If the amount of oxygen is sufficient, 
the corrosion reaction and the accumulation of graphite 
flakes proceeds, and the thickness of the porous graphitic 
layer increases. 
After some time the solution can no longer reach the 
inner metallic surface because the graphite network behaves 
as a barrier against the diffusion of oxygen into the 
graphite layer. 
Under these conditions a differential aeration cell 
is formed where the external surface is cathodic and the 
internal surface of the pit or remain metal surface is anodic. 
It is common for metals to suffer from corrosion currents 
that have their source in differences in the corrosive 
nature of the environment at different areas on the metal 
surface. Such effects are often found in underground piping 
systems. For example, if a pipe of cast iron [7] passes 
through two soils of different composition that differ in 
oxygen concentration, a current will flow from the more 
poorly aerated area (anode) through the soil to the better 
aerated area (cathode) and back through the pipe to the anodic 
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area. This is analogous to a concentration cell. 
It is easy to understand then, that bulk graphitic 
corrosion is primarily due to electrochemical action between 
the ferritic and graphitic constituents of cast iron and 
perhaps in some cases partly from differential aeration 
cells in the soil. 
The factor which determines the corrosion rate [3] is 
the current density. The rates of the electrochemical 
reactions at the anodes and cathodes are proportional to the 
current density. It is obvious that the size and distribution 
of anodic and cathodic areas are very important because they 
determine the current density for a fixed total amount of 
current. 
The cathodic reaction is balanced by the anodic iron 
matrix dissolution. As the reaction proceeds [5] the 
concentration of Fe is higher at the anodic area than the 
concentration of ferrous ions towards the external cathodic 
area. In this case the gradient of chemical and electrical 
potential contribute to increase the electrochemical poten-
tial which results in migration of ferrous ions from the 
vicinity of anodic area towards the cathodic area. The 
ferrous ions, coming out of the graphitic porous layer, 
diffuse through the limiting layer into the solution 
forming oxidation products, which are removed by the 
solution. 
If hvdroxvl ions are produced bv the cathodic 
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reduction, they may penetrate the graphitic layer and react 
with the ferrous ions leaving the area to give iron 
hydroxides, which will precipitate and accumulate in the 
porous graphite layer. Under these conditions the gradient 
of the electrochemical potential promotes the migration of 
the hydroxyl ions from the external surface into the porous 
graphitic layer. This precipitation causes an increase of 
the electrical potential of the solution which is into the 
graphitic layer, followed by a decrease of the electrochemical 
potential. 
The precipitation of oxidation products within the 
graphite layer depends on the following factors: 
(a) The structure of the cast iron. The residual 
graphite flakes, after the dissolution of iron matrix, form 
a porous graphite network with very good electrical contact 
between particles of graphite. In such a layer the electri-
cal resistance of the graphite layer and of the solution 
within the porous layer are very small. 
(b) The chemical composition of cast iron. When 
the cast iron contains nickel the oxidation potential of 
ferrous ions can be easily accomplished, because the 
dissolution potential of the matrix becomes more noble than 
the one of iron. 
(c) The chemical reactivity and concentration of 
the solution. If the corrosive solution is diluted, the 
solution inside the graphite layer will be more diluted and 
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this results in an increase in electrical resistance of the 
solution within the porous layer, causing the precipitation 
of protective oxides. Protective graphitic corrosion 
products are most likely to be encountered in neutral and 
alkaline environments and least likely in acid solutions. 
(d) The environmental conditions. The environmental 
conditions determine the ability of graphitic corrosion 
products to adhere to the corroded iron surface. Adherence 
to the point of building up graphitic layers of substantial 
thickness are expected where the surfaces are regularly 
or frequently subjected to abrasion or erosion, which remove 
the graphite particles as fast as they become exposed. On 
the other hand, burial in the earth or exposure to liquids 
in relatively quiet conditions will favor acculumation of 
layers of graphitic corrosion products. The velocity of the 
external solution flow determines the thickness of the 
limiting diffusion layer. For a determined thickness of 
diffusion layer, the aeration of the external solution 
determines the flowr of oxygen and finally the value of the 
corrosion current. 
(e) Thickness of the graphitized layer. As the 
thickness of the graphitic layer increases the electrical 
resistance of the graphitic layer and of the solution within 
the layer increases. So the graphitic corrosion vanishes and 
stops spontaneously after a determined thickness of the 
graphitized layer has been reached, except for the highly 
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localized or fissure corrosion which is now being observed 
relatively often. 
Galvanic Effects 
When other metals are in electrical contact with cast 
iron in an electrolyte, galvanic corrosion takes place. The 
galvanic corrosion can often be recognized by the fact that 
the corrosion is more severe [1] near the junction of the 
two metals than elsewhere on the metal surfaces. The greater 
the difference in potential between the two metals, the 
greater the probability the galvanic attack will be severe. 
The corrosion situation depends on the relative noble active 
relation between the metals forming the galvanic couple. 
If the cast iron [5] is less noble than the other metal 
which is often the case, then the cast iron becomes the 
anode and the other material cathode and dissolution of the 
iron matrix of cast iron takes place. The intensity of 
these effects will be influenced by the size of the cathodic 
and anodic area, the distance between the areas, the metals 
involved and the electrical resistance of the galvanic 
circuits, including that of the electrolyte, in which the 
reactions are occuring. 
If the graphitized cast iron is more noble the cathodic 
role of the graphite layer can stimulate the corrosion 
process of the other metal. 
Under these conditions a clogging of the pores of 
15 
the graphite layer may be beneficial in avoiding corrosion 
of the underlying iron but it also serves to increase the 
galvanic acceleration of corrosion of clean metal with 
which may be in contact with it in a corrosion solution. 
Localized Graphitization Corrosion 
The localized graphitization corrosion of cast iron 
is a case where the graphitic corrosion rate may be a hundred-
times the normal graphitization corrosion rates. This 
indicates that the corrosion of cast iron can be influenced 
by some form of accelerating condition or conditions, e.g., 
the galvanic effect between graphite and cast iron. 
During the graphitic corrosion, if the graphite layer 
remains porous it accelerates the corrosion of the cast iron 
base and the thickening of the layer tends to provide an 
increasingly large cathodic area of graphite surface due to 
its porous structure. The galvanic effect of the contact 
of the base metal with the large area of graphite [2] may 
cause the cast iron to corrode much more rapidly. The higher 
the graphite/metal ratio the greater the localized corrosion. 
It is also common knowledge that in underground uses of cast 
iron the corrosion rate is affected by the soil properties,. 
and the kind and concentration of soluble salts in. the soils. 
In pipeline service systems which actually run for consider-
able distances transverse soils of varying composition, 
aeration and moisture content giving rise to long line 
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currents which potentially affect the corrosion rate. 
The occurrence of highly localized or fissure corrosion 
shows that probably the graphite rich layer has been locally 
disturbed. Under these conditions the electrolyte is allowed 
to penetrate to reach the metal and to continue the corrosion 
reaction. Some of these possibilities are being explored 
as the subject of this thesis. 
The Effect of Res.Str. and Static Load 
on Graphitic Corrosion 
Residual stresses, which can have a profound effect 
on the mechanical properties of a material, develop in 
practically all cast components during solidification [10, 
11]. These stresses are usually too low to be significant, 
but sometimes they can reach relatively high levels, and in 
extreme cases may be sufficent to crack the casting, even 
in the absence of any external load. In practice, even the 
most simple shapes do not cool uniformly, since free surfaces 
and edges cool more rapidly than central areas. This leads 
to the development of differential strains. It has been 
shown that generally tensile forces will be developed in 
heavier sections and compressive forces in thinner 
sections. 
The microstructure along the localized or fissure 
attack indicates that it follows the path of the columnar 
structure from the surface in centrifugally cast materials. 
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This structure shows a relationship to the thermal gradients 
in solidification, the chemical inhomogeneities and 
residual stresses that may result. 
When stress is applied to cast iron the distorted 
high-energy zone serves as an anode, while the strain or 
stress free region is the cathode. This type of cell can 
accelerate graphitic corrosion. Application of stress on 
cast iron may cause a local change or crack in the graphitic 
layer, permitting the electrolyte and the oxygen in the 
electrolyte to reach the inner metallic surface. This is 
more prevelent in centrifugally cast, cast iron. 
This breakdown of the graphite layer, due to stress 
or to special environmental conditions, will result in the 
loss of mechanical strength under relatively low static 
stress when coupled with corrosion conditions. 
CHAPTER III 
EXPERIMENTAL 
This research program was conducted in three phases. 
1. The first phase was a study of regular corrosion 
attack on two kinds of cast iron. The results of this stage 
of research was used as a basis for evaluation of the 
results of the next two phases, 
2. The second phase was research on the effect of 
three factors, static stress, residual stresses, current 
and the combinations of these on the graphitic corrosion of 
cast iron. 
3. The last research stage was a series of accurate 
tests in which different static stress values, were applied 
to specimens in the same physical and chemical conditions in 
order to determine the way graphitic corrosion depends on 
the level of static load. In addition tests of the combined 
effect of current and static load on corrosion was studied 
for a broader evaluation of the problem. 
Apparatus 
For the first phase of the experiments no apparatus 
was used. The experiments of the second and third phase 
were carried out in the same mechanical test unit. A 








Maximum Stress Laver 
Figure 3. Schematic Diagram of the Apparatus Showing the 
Specimen Loading Location and the Critical 
Dimensions 
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The apparatus used for testing the specimens was 
constructed specifically for this work. The system allowed 
six specimens to be tested at the same time. The two hori-
zontal bars were machined to accurate dimensions in the areas 
where the specimens were tested. In such a way the stress 
applied in the specimen could be calculated. The detailed 
calculations are contained in Appendix A. 
The application of stress was obtained by hanging 
the load at the free end of the specimen as shown in Figure 
3. The maximum stress occurs at the support in the middle 
of the specimen. This area of maximum stress was immersed 
in the corrosive solution by using a plastic cup, cut at the 
bottom and attached to the specimen with silastic for a 
water tight seal. 
To achieve the application of voltage a cathode was 
immersed in the solution and a battery was used to achieve 
the desired potential differences. The cathodes were made 
of pure carbon and of course the specimens were the anodes. 
With this enlarged cathode a higher corrosion rate could be 
obtained. 
The solution used for all experiments was 3.5 sodium 
chloride and the pH was 3.0. A 3.0 pH brings the system 
into the active corrosion area of the Pourbaix diagram as 
shown in Appendix B. This provides a method for accelerating 
the tests and obtaining graphitization data in a reasonable 
period of time. 
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Specimens 
Two different types of cast iron were examined. The 
first had been exposed in service for several years material 
(material A) and the second was a new "as cast" material 
(material B). The composition of both materials after the 
chemical analysis was made, is presented in Table 1. 
Table 1. Composition of the Two Types of the Tested 
Cast Iron 
% F C Mn Si Ni Cr Cu P S 
e 
Material Balance 3.55 .48 1.33 .1 .02 .01 .73 .13 
A 
Material Balance 3.51 .32 1.62 .55 .16 .44 .26 .11 
B 
The microstructure determination showed that the 
exposed (in service material) has a type B (ASM Handbook) 
distribution of graphite flakes, characterized by rosete 
grouping and random orientation. Some interdendritic 
segregation was found also. 
The unexposed material has a type D distribution of 
graphite flakes, characterized by interdendritic segregation 
and random orientation. The microstructure of both materials 
is shown in Figure 4 and Figure 5. 
The average tensile strength of material A and B was: 
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Figure 4. 100X Magnification 
of Material A 
Unetched Microstructure 
Figure 5. 100X Magnification. Unetched Microstructure 
of Material B 
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Average Tensile Strength 
Material A 70,000 psi 
Material B 73,000 psi 
Small specimens with dimensions about .25" x .5" x 
75'' were used for the first phase of the experiments and 
bars about .16" - .25" x .5" x 8" were used for the second 
and third phase. The residual stresses were produced by 
heating the specimens locally with a welding torch at 
elevated temperatures for a period of time. In cast iron 
there is no way to accurately measure residual stress so 
this work had to be qualitative. 
Experimental Procedure 
Initially the specimens were cut to the appropriate 
dimensions and the residual stresses were induced in the 
specimens by local torch heating to what was considered 
similar temperatures each time. 
Specimens for the third phase of experiments were 
machined with an accuracy ± .001 in. This was done to allow 
the determination of the accurate value of the applied stress 
in these experiments. Once the specimen was seated in the 
apparatus the load was hung at the position calculated for 
the specimen dimensions. 
For the aDplication of potential difference a 
cathodic carbon electrode was immersed in the solution and 
the carbon electrode and the specimen connected to the battery 
through a voltmeter. The \̂ alue of the voltage applied was 
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0.2 volts per cell and the specimens were connected parallel. 
Figure 6 shows a schematic diagram of a typical cell. The 
voltage was applied to raise the electrochemical potential 
of cast iron, increase the corrosion current and to accelerate 
the test. The initial condition without applied potential 
and the final state after the voltage has been applied is 
shown in Figure 7. 
The specimens after set periods of time (for the first 
phase), or after they broke (for the second and third phase), 
they were removed from the test sites, cleaned and prepared 
for metallographic examination. The average and maximum 
depth of pits were then recorded to evaluate the extent of 
corrosion on the specimens. Tables 2, 3, and 4 outline the 
analysis and conditions of the first, second and third phase 
experiments. 
Potentiostatic Measurements 
Potentiostatic and corrosion current measurements 
were made in order to investigate the electrochemical 
properties of materials A and B and compare their corrosion 
behavior. 
A Keithley, 602 solid state electrometer was used for 
the determination of the corrosion potential and the change 
of the corrosion potential and corrosion current with the 
time of various galvanic couples is given in Table 5. 
The 1070 steel was selected because its composition 
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Figure 6. The Arrangement of the Specimen, Cup, Graphite 
Cathode and Battery During the Application 














Figure 7. A Polarization Diagram Representation of Initial 
(1) and Final (2) Conditions for Voltage 
Application 
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Table 2. Phase I Experimental Conditions. The four cases 
cited have been performed for both A and B 
materials. 
PHASE I 
Case I Case II Case III Case IV 
1. No Stress 1. No Stress 1. No Stress 1. No Stress 
2. No Current 2. No Current 2. Current 2. Current 
3. No Residual 3. Residual 3. No Residual 3. Residual 
Stresses Stress Stresses Stress 
4. Corrosive 4. Corrosive 4. Corrosive 4. Corrosive 
Solution Solution Solution Solution 
28 
Table 3. Phase II Experimental Conditions. The four cases 
cited have been performed for both A and B 
materials. 
PHASE II 
Case I Case II Case III Case IV 
1. Stress 1. Stress 1. Stress 1. Stress 
2. Solution 2. Solution 2. Solution 2. Solution 
3. Current 3. Current 3. No Current 3. No Current 
4. Residual 4. No Residual 4. No Residual 4. Residual 
Stresses Stresses Stresses Stresses 
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Table 4. Phase III Experimental Conditions. The four cases 




Case I 2. Stress, a = 40,000 psi 
3. Current, (v = 0.2 volts) 
1. Solution 
Case II 2. Stress, a = 40,000 psi 
3. No Current 
1. Solution 
Case III 2. Stress, a = 55,000 psi 
3. Current, (v = 0.2 volts) 
1. Solution 
Case IV 2. Stress, a = 55,000 psi 
3. No Current 
1. Solution 
Case V 2. Stress, a = 65,000 psi 
3. Current, (v = 0.2 volts) 
1. Solution 
Case VI 2. Stress, a = 65,000 psi 
3. No Current 
Table 5. Galvanic Couples Tested, Corroded cast iron 
1 = corroded cast iron only on the surface; 
corroded cast iron 2 = corroded cast iron 
with graphitic layer 
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Couple I Couple II Couple III Couple IV Couple V 
1070 Steel Material A Material B Material A Material B 
and and and and and 
A. Corroded A. Corroded 
Cast Iron 1 Cast Iron 1 
Pure Carbon Pure Carbon Pure Carbon B. Corroded B. Corroded 
(graphite) Cast Iron 2 Cast Iron 2 
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is similar to the matrix of materials A and B. The refer-
ence electrode was a saturated calomel electrode, and the 
arrangement of the electrodes and equipment is shown in 
Figure 8. The stabilization time for the potential differ 
ence measurements was two and a half hours, and the 
variation of corrosion potential and corrosion current was 









R . E 
Figure 8. Schematic Drawing of the Cells 
(a) Cell for the Potential Difference Measurements 
(b) Cell for the Detection of the Variation in 
Corrosion Potential and Current Versus Time 
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CHAPTER IV 
RESULTS AND DISCUSSION OF RESULTS 
Polarization Measurements 
The open circuit potentials and the corrosion 
potentials and currents for the five galvanic couples as 
measured in a 3.5 percent sodium chloride solution are 
presented in Table 6. The electrochemical potentials of 
steel and materials A and B were about the same. The 
graphite layer exhibited a potential several hundred milli-
volts more noble than the nongraphitized cast iron or 1070 
steel reversifying its cathodic behavior relative to the 
underlying matrix as reported in the literature, 
Figure 9 and 10 show the variation of the potential 
and current for the five galvanic couples as a function of 
time, the corrosion potential and current were obtained and 
using the open circuit potentials, Figure 11 was plotted, 
assuming linear cathodic and anodic reactions. It shows 
that the corrosion current of both materials A and B is 
higher than that of steel. The cells IVa and Va (cast iron 
against the corroded surface of cast iron) showed a lower 
corrosion rate than steel, but cells IVb, Vb showed a higher 
corrosion rate than steel. The more noble the cathode (cast 
iron corroded on the surface, graphite layer, pure carbon) 
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Table 6. Open Circuit Potentials and Corrosion Potentials 
and Currents for the Five Galvanic Couples 
Couples n . .. T n. rr „ _ Potential § Current 
TVT„ t Potential Difference ^ ^ _ ^ • 
Number of Corrosion 
AE , 
carbon 
= +628 mV E corr 
= -550 mV 




= +628 mV E 
corr 
= -64 2 mV 
A Emat A 





= +628 mV E corr 
= -64 0 mV 
mat B 
-690 mV i 
corr 
435 mA 
AE . . mat A 
= -700 mV E corr 
= -680 mV 
a. AE .. 
ceil 
= -668 mV i 
corr 
= 225 mA 
No. IV 
b. AE . n cci2 = -308 mV E corr = -594 mV 
i 
corr 
= 310 mA 
mat B 
= -69 0 mV E 
corr 
= -662 mV 
a. AE . -, ceil = 
-65 5 mV 
corr 
= 24 mA 
No. V 
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Figure 9. Corrosion Potential as a Function of Time for the 
Five Galvanic founles 
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Time, Hours 
Figure 10. Corrosion Currents as a Function of Time for the 






Figure 11. Combined Activation Polarization Curves for the Five 
Galvanic Couples 
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the higher is the graphitic corrosion current. In other 
words, as the graphitic corrosion proceeds from non-corroded 
cast iron to corroded on the surface and later forming the 
porous graphite layer on the surface, the graphitic corrosion 
current increases according to the increase of the nobility 
of the cathode. 
Graphitic Corrosion Measurements 
Table 7 gives the exposure time, maximum and average 
penetration and maximum and average corrosion penetration 
rates, plus the averages for each experiment in phase I and 
for both materials A and B. 
The average penetration in the absence of current was 
zero in case I and case II. However a measurable maximum 
penetration was found though both were small case II attack 
for heat induced was greater than for case I. With applied 
voltage (case III and case IV) the maximum and average 
penetration showed marked increases. The maximum and average 
penetration rates of case IV are higher than those of case 
III. The greatest difference was in the maximum corrosion 
rate which increased 1.5 times the average corrosion rate. 
This can be related to the effect of residual stress in the 
specimens of case IV. Materials A and B corroded at about 
the same rate except the maximum corrosion rate for material 
A from case III to case IV, was greater than for material B. 
The residual stresses generally increased the corrosion rate, 
Table 7. Exposure Time, Maximum and Average Penetration and Penetration Rate 
for Phase I Experiments, for Materials A and Material B 
Exposure Penetration (inchesxlO^) Penetration Rate 
Time (inxl02/day) 
(Days) 
Case Maximum Average Maximum Average 
A B A B A B A B A B 
No.I 103 99 .20 .15 0 0 .0019 .0015 0 0 
Average 101 .175 0 .0017 0 
No. II 110 102 .40 .70 0 0 .0036 .0068 0 0 
Average 106 .55 0 .0052 0 
No . 111 102 104 16 16 14 14.8 .156 .154 .138 .142 
Average 103 16 14.4 .155 .140 
No. IV 66 104 16 15 13 14.2 .240 .144 .197 .136 
Average 85 15.5 13.6 .193 .166 
'O 
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particularly the maximum corrosion rate. This effect was 
more pronounced when residual stresses were coupled with an 
applied potential. 
Table 8 gives the time to failure under static load, 
the maximum and average graphitization penetration and the 
penetration rates at fracture for specimens tested according 
in phase II. The time to failure in bending increased from 
case I, to case II, to case IV, to case III. The longer time 
to failure of case II compared to I, III, and IV may be 
related to the combined effect of residual stress on the 
strength of the material and the graphitic corrosion. The 
decrease in time to failure between case II and I and between 
III and IV is about a factor of four showing the severe 
effect of residual stress combined with impressed current. 
Figures 12 through. 19 present the variation of 
maximum and average penetration versus time for the four 
types of phase II experiments. These results showed an 
increase in maximum penetration and average corrosion attack 
following the same order as for the time to failure, i.e., 
case I: case II: case IV: case III. 
Figures 20 through 27 present the variation of the 
maximum and average corrosion rates for the four types of 
specimens in phase II experiments. These rates again follow 
the same order, Case I: case II: case IV: case III. However, 
the maximum corrosion attack rate for case I and case II 
remains essentially constant for material A. The average 
Table 8. Exposure Times (Times to Failure), Maximum and Average Penetration 
and Penetration Rates for Phase II Experiments, for Material A 
and Material B 
Penetration (InchesxlOz) Penetration Rate 
(inxl02/day) 
Maximum Average Maximum Average 
A B A B A B A B 
No.I 16.6 14 8.91 10.55 4.17 7 .54 .75 .251 .5 
Average 15.3 9.73 5.58 .65 .37 
No.II 41.25 12.8 18.5 9.47 10.25 4.16 .46 .74 .25 .32 
AAverage 27 14 7.2 .60 .29 
No.Ill 39 62 3.5 5 1.5 1.8 .09 .08 .04 .03 
Average 50.5 4.25 1.65 .085 .035 
No.TV 38 57 4.5 5 1.55 1.8 .12 .09 .041 .032 
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Figure 12. Maximum Penetration Versus Time for Case I of 
Phase II 
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corrosion rate for the same material in case I had been 
accelerated, showing that material A is somewhat more sensi-
tive to graphitic corrosion under the combined effects of 
static load, applied potential and residual stresses. 
Comparing studies with the same conditions in phase I 
and phase II, Table 9 shows the ratio of the maximum corrosion 
attack rates for phase II to phase I experiments. 
In order to determine the effect of static load 
combined with residual stress and electric current on 
graphitic corrosion. Table 10 was derived from the test 
results, showing the ratio of maximum corrosion rate for 
phase II experiments compared to case I of phase I. The 
latter had no static load, no impressed current, no residual 
stress and it has been used as a reference representing a 
base graphitic corrosion condition. 
Table 9. Ratio of Maximum Penetration Rates of Phase II 
to Phase I Experiments 
Phase II Case III Case IV Case II Case I 





50 20 4 3.5 
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Table 10. Ratio of the Maximum Corrosion Penetration Rate 
Between Phase II and Phase I Case I Experiments 
Phase II Case I Case II Case III Case IV 





400 350 50 60 
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Investigation of the microstructure of the tested 
specimens showed that the graphite-rich layer has been 
locally disturbed, allowing the corrosive solution to 
penetrate to the base metal. Localized breakdowns of the 
graphitic layer with "finger-like or fissure" penetration 
and microcracks were observed close to the fracture surface 
(the maximum stress region). This shows the dependence of 
highly localized graphitic corrosion on the stress concentra-
tion. Figure 32 in the Appendix C shows typical localized 
penetration and microcracks in the centrifugally case, cast 
iron specimens tested. 
Evaluation of the Graphitic Corrosion 
Table 11 gives the exposure times with the maximum 
and average penetration and penetration rates . This provides 
data for three values of static stress without applied 
voltage for both materials A and B. The exposure time to 
failure decreases as we increase the static stress and the 
maximum and average penetration rate increases. Figures 28 
and 29 show the variation of the maximum and average 
corrosion rate versus the level of static stress. Both 
diagrams show a critical static stress value above which the 
maximum and average corrosion rates are catastrophically 
accelerated. Up to the critical stress, which is about 70 
percent of the tensile strength of the material, the maximum 
penetration rate is about 6.5 times higher than the average 
Table 11. Exposure Times to Failure, Maximum and Average Penetrations and 
Penetration Rates for Three Stress Values with No Impressed 
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penetration rate. Above the critical stress the corrosion 
rate of maximum penetration became more than twenty times 
greater. This data verifies that the increase of static 
stress has a greater effect on the maximum than it does on 
the average corrosion rate and stress can accelerate the 
graphitic corrosion rate locally to very high values. 
Table 12 gives the time of exposure with the maximum 
and average penetration and penetration rates for three 
values of static stress, under applied potential, for both 
materials A and B. These results are in agreement with the 
results of Table 11 but show a much higher maximum and 
average penetration rate which is a result of the applied 
potential. Figures 30 and 31 give the variation of these 
rates with the stress. The same value for the critical 
static stress, 70 percent of the tensile strength value, was 
found as in the previous experiments. 
Table 12. Exposure Time to Failure, Maximum and Average Penetrations and 
Penetration Rates for Three Stress Values with an Impressed 









P e n e t r a t i o n R a t e 
( i n x l O V d a y > -
A v e r a g e Max i mum 
A B A B 
Averag i 
A B 
4 0 , 0 0 0 p s i 8 g > 2 5 7 > 6 g 1 0 . 3 0 5 . 0 6 5 . 8 6 . 9 6 1 . 1 1 3 . 6 3 2 . 6 3 3 
C u r r e n t 












65,000 psi ,3 
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1. Residual stresses substantially increase the 
normal graphitic corrosion rate with a subsequent decrease 
in the time to failure by reducing the mechanical strength 
of the material. Even more severe attack occurs if stresses 
are combined with an impressed current. 
2. Static stresses applied to centrifugally cast, 
cast iron can develop a graphitic corrosion rate 50 times 
higher than normal graphitic corrosion, increasing up to 60 
times greater with the presence of modest residual stresses. 
When static stress, or static stress plus residual stress, 
are combined with an impressed current, corrosion rates more 
than 100 times the normal graphitic corrosion rate readily 
occur. 
3. As the static stress is increased a critical 
stress (approximately 70 percent the tensile strength) is 
reached where the corrosion rate and especially the maximum 




1. Evaluate the effect of alloying and casting 
variables on the graphitic corrosion of ductile cast iron 
with the potential of developing graphitic corrosion 
resistent ductile iron for gas distribution line applications. 
2. Investigate the effects of static and cyclic 
stress on graphitic corrosion of ductile cast iron. 
3. Relate the effects of static stress on graphitic 
corrosion of centrifugally cast, cast iron in corrosive 






The forces and reactions on the specimen are repre 








Ai ° V L 
3A7 = u 
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where L = the load 
£ = distance between load 
and point D 
A-. ,A7 = reactions on points 
1 C,D. 
Force diagram 
3A2= I L 
Moment diagram 
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where a = max stress 
max 
a = thickness 
b = wideness 
Examining the cross-section at the maximum moment layer, it 
is derived that: 
a/2 
1L , ! ; 2 x [_^ amax]bdx or 
£L = - ba £ a max 3 
a/2 
or 
,, 3 a a b 4b a max 
11 = —- cr v Q— = ~p and finally 
a max 8 6 J 
6£L 
max 2U a b 
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APPENDIX B 





PHOTOMICROGRAPHS OF THE GRAPHITIZED SPECIMENS UNDER STRESS 
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Figure 32. (a) and (b) 65X Magnification. Unetc 
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Figure 32. (c) and (d) 100X Magnification. Une 
of Two Cracks Close to Fracture Surfa 
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